The remarkable properties of graphene, such as broadband optical absorption, high carrier mobility, and short photogenerated carrier lifetime, are particularly attractive for high-frequency optoelectronic devices operating at 1.55 μm telecom wavelength. Moreover, the possibility to transfer graphene on a silicon substrate using a complementary metaloxide-semiconductor-compatible process opens the ability to integrate electronics and optics on a single cost-effective chip. Here, we report an optoelectronic mixer based on chemical vapor-deposited graphene transferred on an oxidized silicon substrate. Our device consists in a coplanar waveguide that integrates a graphene channel, passivated with an atomic layerdeposited Al 2 O 3 film. With this new structure, 30 GHz optoelectronic mixing in commercially available graphene is demonstrated for the first time. In particular, using a 30 GHz intensity-modulated optical signal and a 29.9 GHz electrical signal, we show frequency downconversion to 100 MHz. These results open promising perspectives in the domain of optoelectronics for radar and radio-communication systems.
I n high-speed communication systems, information transmission is carried on high-frequency (tens of gigahertz) signals. Once the information is received, a direct processing at the carrier frequency is inconvenient because it requires highfrequency electronic components. For this reason, a downconversion of the received signal is performed. Standard (lowfrequency) electronics can then be used to process the information.
The downconversion function is commonly performed using mixers that demodulate high-frequency carriers to base-band by multiplying the carrier signal with a local oscillator (LO) signal. In many systems, one of the two signals is an optical one. In large radio detection and ranging (RADAR) systems, for instance, the LO signal can be advantageously distributed to each antenna using an optical carrier. In this case, the LO signal has to be photodetected to be converted in the electrical domain. Then, the mixing is performed trough conventional electronic mixers. A more compact alternative is based on optoelectronic mixers (OEMs), which incorporate in the same device the photodetection and mixing function. More precisely, OEMs are devices that mix an electrical signal at frequency f ele and an intensity-modulated optical signal at frequency f opt . Two electrical signals are generated at frequencies f up = f opt + f ele (upconversion) and at f down = |f opt − f ele | (down-conversion). Performing simultaneously detection and mixing within the same device (self-mixing) reduces the number of components and potentially adds less noise in an optoelectronic system. All these features are particularly attractive for RADAR and LIDAR (light detection and ranging) systems. 1−4 We focused our study on frequency downconversion, which is needed for the above-mentioned application. However, both downconversion and upconversion are useful functions in an optoelectronic system. For example, in radio-over fiber systems the signal is upconverted to millimeter-wave frequency before being radiated by antennas to the end users. 5 State of the art OEMs that operate at 1.55 μm wavelength are based on III−V semiconductors epitaxially grown on InP substrates. Sixty gigahertz optoelectronic mixing has been demonstrated with heterojunction phototransistors (HPT) based on InP−InGaAs 6 and downconversion of 0.1 THz signals has been performed using traveling-wave uni-traveling carrier photodiodes (TW-UTC-PD). 7 The research for lowcost and complementary metal-oxide-semiconductor (CMOS)-compatible OEMs is active. Sixty gigahertz bandwidth siliconbased OEMs operating at 0.85 μm have been proposed. 8 However, optical communication systems are mainly based on 1.55 μm band, and silicon is not suitable for efficient photodetection at this wavelength. Graphene can overcome the photodetection inefficiency of silicon, because it absorbs a broad spectrum of wavelengths, 9 including 1.55 μm. Moreover, graphene exhibits very high carrier mobility and photocarrier short lifetime. Thanks to these remarkable properties, graphene is highly attractive in the domain of high-frequency optoelectronics. Graphene-based photodetectors exhibit an intrinsic bandwidth that may exceed 500 GHz, 10 and CMOScompatible graphene photodetectors have been demonstrated. 11 The combination of these characteristics in conjunction with the strong efforts done for the realization of cost-effective production techniques for large-scale graphene 12, 13 makes this material a very good candidate for high-frequency low-cost OEMs, even if the demonstrated sensitivity remains quite limited.
Mao et al. 14 have fabricated the first graphene OEM based on a field effect transistor. In their work, the graphene channel is biased with a source-drain direct current (dc) voltage and electrostatically doped by the gate voltage. They have demonstrated the mixing of a 2 MHz electrical signal with a 1 GHz intensity-modulated optical signal at 1.55 μm wavelength.
Here we propose a new OEM structure that consists in a chemical vapor deposition (CVD) graphene-based coplanar waveguide (gCPW). The graphene channel Fermi level was set near the charge neutrality point (CNP), where the electron and hole concentrations are equal. No dc bias is applied to our device when used as an OEM to minimize power consumption. With this new structure, 30 GHz optoelectronic mixing in commercially available graphene is demonstrated for the first time. In particular, using a 30 GHz intensity-modulated optical signal and a 29.9 GHz electrical signal, we show frequency downconversion to 100 MHz.
Fabrication and Experimental Setup. Figure 1 shows the operation principle of our graphene OEM and (on the bottom right side) a top view optical image of the device, contacted by radio frequency (RF) electrical probes. We used a groundsignal-ground configuration, in which the central line (signal line) integrates a 23 μm long and 20 μm wide graphene channel.
To fabricate the device a CVD graphene monolayer was first transferred on a high-resistivity silicon substrate covered by a 2 μm thick thermal SiO 2 layer. Then, the graphene active zone was defined by optical lithography and reactive ion etching. A metallic multilayer (Ni−Ti−Au−Ti) was deposited by electron beam evaporation, and an optical lithography pattern allowed us to locally grow 2 μm thick pads by electrolytic process, which reduces RF losses. The metallic multilayer deposited on the graphene channel was removed by successive etching techniques (dry/wet) until the Ni base layer was removed by wet chemistry. Finally, a 30 nm thick Al 2 O 3 layer was deposited by atomic layer deposition (ALD) to passivate the graphene channel. 31 The comparison between the Raman spectra performed after graphene transfer (i.e, before the lithographic process) and after passivation, indicates that the structural properties of graphene are not degraded by the fabrication process (see Supporting Information). The average graphene grain size was a few microns. The field effect mobility was around 2000 cm 2 /Vs, which is a typical value for such grain size, according to Petrone et al. 32 Figure 2 shows the experimental setup. We used a 1.55 μm laser, intensity-modulated with a Mach−Zehnder Modulator (MZM). An erbium-doped fiber amplifier (EDFA) amplifies the modulated laser beam power, which is guided and focused on the CPW graphene channel. Two high-frequency probes contact the CPW ports. Both probes are connected to a bias tee to decouple the dc and the modulated components of the electrical signals, and allow dc biasing of each port. Highfrequency electrical signals are injected in the input port, while the output CPW port transfers the processed electrical signal to a spectrum analyzer. Finally, the high-resistivity silicon substrate is contacted and used as back-gate (V G in Figure 2 ) to control the graphene Fermi-level with respect to the CNP.
Results. Figure 3a shows the dc current that flows in the graphene channel of the device, as a function of the back-gate voltage, for a dc channel bias V dc = V IN − V OUT = 4 V (see blue solid line in Figure 3a ). Thanks to the Al 2 O 3 passivation layer, time-stable V-shaped curves are obtained. 15 The measurement allowed us to determine the CNP voltage (V CNP ). Then, the Figure 1 . Schematic of our new graphene-based optoelectronic mixer. The simultaneous injection of an intensity-modulated laser beam at frequency f opt and an electrical RF signal at frequency f ele produces at the output two signals at the difference and sum of the input frequencies. On the bottom right side is the optical image of the gCPW contacted by the RF probes. The graphene channel is passivated with an Al 2 O 3 layer. To allow the RF probes to electrically contact the device, the insulating film has been removed on the metallic pads.
biased channel was illuminated by a laser modulated in intensity at a frequency f opt = 5 GHz. The modulated component of the optical power on the channel was P m = 22.5 mW. In the same Figure 3a , the amplitude of the generated alternating current (ac) photocurrent (I ph,m ) is plotted as a function of the backgate voltage (red dots). One can see that the photodetection has its maximal efficiency when the channel current is minimum. This behavior has already been observed by Freitag et al. in lightly doped graphene. 16 According to theoretical studies, 17−19 this is due to the decrease of the hot carriers lifetime with increasing carrier density. For this reason, all the following measurements have been performed setting V G = V CNP .
We performed two types of experiments. First, we characterized the device by maintaining a dc channel bias voltage (photodetection). Then, the constant bias was switched off and an RF signal was injected (optoelectronic mixing).
Photodetection. For the same laser parameters of Figure 3a , Figure 3b shows the amplitude of I ph,m as a function of the channel bias. The dependence is linear for voltages up to 6 V. The I ph,m amplitude value obtained for V dc = 8 V suggests that the photocurrent response starts to saturate for voltages above 6 V. Such a behavior has already been observed. 16 Figure 3c shows that the amplitude of I ph,m varies linearly with P m (P m varies between 0 and 22.5 mW). The modulation frequency is still f opt = 5 GHz and the channel bias was V dc = 6 V.
For the same channel bias, the frequency response of the device is presented in Figure 3d . Here, the photoresponsivity (namely, the photocurrent amplitude I ph,m normalized over the modulated component of the optical power P m ) is plotted as a function of f opt for frequencies up to 30 GHz. Figure 3b ,c demonstrates that the photocurrent is a linear function of both the channel bias and the optical power. The photocurrent expression of a photodetector operating in such a linear regime can be written as where P opt is the optical incident power, V bias is the channel bias, and α is a proportionality constant [1/V 2 ], which sizes the sensitivity of the device. In the experimental configuration described above, V bias = V dc and P opt = P cw + P m sin(2πf opt t), where P cw and P m are the amplitudes of, respectively, the constant and modulated components of the intensitymodulated laser beam, and f opt is the modulation frequency. We can thus rewrite eq 1 as 
where I ph,cw is the photocurrent component generated by the constant optical power P cw , while the ac photocurrent (measured in plots in Figure 3b ,c) generated by the modulated optical power is Equation 3 expresses the ac photocurrent generated when the device is employed as a photodetector. Optoelectronic Mixing. In the optoelectronic mixing configuration, we switched off the constant voltage bias V dc and injected an RF modulated signal in the gCPW, while maintaining the illumination of the graphene channel. The blue solid line in Figure 4a shows the power measured on the spectrum analyzer without any loss correction (see Supporting Information). The injected electrical power was 14 dBm at frequency f ele = 400 kHz. P m was set to 22.5 mW, and f opt = 5 GHz. Two peaks appear at f down = |f opt − f ele | = 4.9996 GHz and f up = f opt + f ele = 5.0004 GHz, experimentally demonstrating the optoelectronic mixing. One can notice that no signal at f opt is measured (no constant bias V dc was applied). For a direct comparison with the photodetection mode, in the same Figure  4a , the red dashed curve shows the power signal when the modulated component of the electrical signal was switched off, and a constant V bias = V dc = 3 V was applied.
For the same optical signal ( f opt = 5 GHz) and the same electrical frequency ( f ele = 400 kHz), we measured the downconverted power P IF at intermediate frequency (IF = 4.9996 GHz) as a function of the RF electrical input power (P IN ). Figure 4b shows that P IF varies linearly with P IN . As P IF and P IN are respectively proportional to I ph 2 and V RF 2 , I ph varies linearly with V RF . This confirms that I ph is proportional to the source-drain bias for either dc (Figure 3b) or ac electrical signals (Figure 4b ).
For the optoelectronic mixing configuration, the channel bias in eq 2 is V bias = V m sin(2πf ele t + ϕ), where V m is the amplitude of the RF electrical signal, and ϕ is a phase shift with respect to the optical power modulation. I ph,m can thus be rewritten as
ph,m m opt m ele (4) giving:
ph,m m m opt ele opt ele (5) Because of the mixing between the electrical and optical signals, two signals are generated at frequencies f up = f opt + f ele and f down = |f opt − f ele |. This explains the experimental measurements. We then studied the optoelectronic mixing with highfrequency (close to 30 GHz) electrical and optical signal carriers. In particular, for f opt = 30 GHz and f ele = 29.9 GHz, a downconversion to f down = 100 MHz is obtained (Figure 4c) .
The P IF values are small (around −100 dBm). To estimate the intrinsic efficiency of the OEM, we plotted in Figure 4d from the S-parameter measurements (see Supporting Information). We performed downconversion experiments for different electrical frequencies. An optical signal at frequency f opt = 10 GHz and P m = 22.5 mW was mixed with electrical signals at frequencies f ele varying from 6 to 9.99 GHz. Thus, the corresponding downconverted or IF varied between 10 MHz and 4 GHz. The ratio is constant, as it oscillated (only) in a range of about 2 dB over the entire frequency window.
Discussion and Conclusion. We studied a new highfrequency OEM that relies on a gCPW integrating a commercially available CVD graphene channel. A simple model is used to describe its operating behavior This model is based on two linear dependencies, experimentally verified: the photocurrent as a function of the optical incident power (P opt ) at a fixed voltage drop along the channel, and the photocurrent as a function of the voltage drop (V bias ) along the channel at a fixed optical power. As the photocurrent is proportional to P opt ·V bias , upconverted and downconverted signals can be generated Several physical processes can be involved in the generation of a photocurrent in graphene. 21 In this work, the photocurrent is generated in biased graphene at low electrostatic doping. According to Freitag et al., 16 the photovoltaic effect, that is, the separation of photogenerated electron−hole pairs by an electric field, dominates in this regime. It is important to note that a bolometric effect can induce a change in the number of carriers contributing to the current and that this mechanism coincides with the photovoltaic effect for biased graphene. 13 To separate electron−hole pairs, a first solution is to exploit the electrical field that builds up at the metal−graphene interface due to their work-function difference. 22 Another choice is to generate a uniform electric field along the channel. 16 The first solution, which employs the constant built-in metal−graphene electric field, is well adapted for photodetection as it avoids biasing the graphene channel, which leads to large parasitic dark current. On the contrary, a modulated electric field is essential for optoelectronic mixing. It can be easily obtained by modulating the channel bias. For this reason, we adopted the second solution. This choice generates dc power consumption when the device is employed as a photodetector, since a dc voltage is applied on the channel. But, when the device is used as an OEM, no dc bias is needed, and no associated power consumption is thus generated.
Our device employs a back-gate just to set the graphene Fermi level near the Dirac point (where the photocurrent in the low-doped regime is maximal). Many efforts in graphene technology concern the fabrication of devices integrating lowdoped graphene. With such technology, the use of back-gated devices is no longer necessary if their working point is stable and near the CNP.
Used as a photodetector, our device exhibits an intrinsic (i.e., after loss correction as explained in Supporting Information) low photoresponsivity that varies between 142 and 197 μA/W over a wide range of frequencies up to 30 GHz. Used as an OEM, we showed optoelectronic mixing of electrical/optical frequencies up to 30 GHz. We also showed a flat downconversion response (2 dB oscillation range) over a large frequency range. Figure 4a shows the output power of the device at a fixed optical input power for the same electrical power absorbed in the graphene channel in both photodetection and OEM configuration (see Supporting Information). For photodetection, the absorbed electrical power is due to the dc bias, while in the OEM configuration it is due to the RF bias voltage. The output power is −94 dBm (photodetection) and −98 dBm (OEM). Because an OEM mixes a photodetected signal with an electrical ac signal, one can conclude that the low output power is mainly due to the small photodetected signal and not to the mixing process itself.
The photodetection losses can be attributed to the low photoconductive gain and the weak absorption. The photoconductive gain 13 is defined as = carrier under an electric field generated in the channel. Timeresolved experiments show a first sub-picosecond relaxation time due to interactions with optical phonons followed by a picosecond decay. 23−28 By considering a mobility of 2000 cm 2 / Vs , that is, a typical value obtained in our CVD graphene, and by using a value of τ r = 1 ps, we found for our device a photoconductive gain around 10 . This corresponds to a power loss with respect to the case G = 1 around 60 dB.
Moreover, one has to consider the intrinsic limitation of graphene due to a small light absorption (which is however very impressive if we consider that we are dealing with a monatomic material). The simulation described in the Supporting Information predicts a light absorption of about 1.8%. This corresponds to a power loss of 35 dB with respect to the ideal case of 100% absorption.
To improve the downconversion efficiency without decreasing the operating frequency, it is necessary to increase the lightgraphene interaction by using, for example, graphene on silicon photonic waveguides 29 or antenna-enhanced graphene devices, 30 and to decrease the transit time τ trans using shorter channels.
Our results open interesting perspectives in the utilization of graphene-based devices for the mixing of high-frequency electronic and optical signals in the telecom range with a low-cost CMOS-compatible structure.
■ ASSOCIATED CONTENT
* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.nanolett.5b05141.
Optical power and photocurrent calculation, downconversion efficiency, Raman spectrum measurements, and absorbed optical power. (PDF)
■ AUTHOR INFORMATION
Corresponding Author *E-mail: alberto.montanaro@thalesgroup.com.
Notes

